Borràs-Ferrís, J.; Sánchez Tovar, R.; Blasco-Tamarit, E.; Fernández Domene, RM.; GarciaAnton, J. (2016). Effect of Reynolds number and lithium cation insertion on titanium anodization. Electrochimica Acta. 196:24-32. doi:10.1016Acta. 196:24-32. doi:10. /j.electacta.2016 Tel. and Re. The latter is due to the fact that the hydrodynamic conditions eliminate part of the initiation layer formed over the tube-tops, which is related to an increase of the photocurrent in the photoelectrochemical water splitting. Besides, the photogenerated electron-hole pairs are facilitated by Li + intercalation. Finally, this work confirms that there is a synergistic effect between Re and Li + intercalation.
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Introduction
In recent years, nanotube (NT) arrays based on transition-metal oxides are gaining interest in a wide field of applications, such as in dye-sensitized solar cells [1, 2] , photocatalysis [3] [4] [5] [6] [7] and biomedicine [8] . Among all transition-metal oxides, TiO 2 is the most extensively studied material due to its unique properties. Especially, in photocatalytic reactions, TiO 2 is used as a photocatalyst due to its high stability and semiconductor abilities capable of generating charge by absorbing energy [9] [10] [11] [12] [13] .
Besides, its suitable band-edge positions make possible the photoelectrochemical water splitting [14] (using solar energy) into H 2 and O 2 to generate hydrogen, the potential fuel of the future.
In order to achieve a high surface area and consequently, to enhance the photocatalytic activity, TiO 2 is synthesized in the form of nanotube arrays [15] . Nowadays, TiO 2 nanotubes are synthesized by several methods, including sol-gel transcription [16, 17] , hydrothermal processes [18, 19] and anodization of titanium in fluoride-based electrolytes [20, 21] . The latter is the most promising because it allows obtaining highly ordered nanotube arrays, and their dimensions (length, diameter, and tube wall) can be precisely controlled [22] .
In order to carry out the anodization two types of electrolytes can be used: aqueousbased or organic-based. Organic electrolytes are the most used because these electrolytes result in highly ordered longer tubes [23, 24] . Nevertheless, the nanotubes formed in organic electrolytes show an "initiation layer" over the tube tops, which blocks the nanotube arrays and therefore the solar energy absorption is reduced [22, 25] .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 Nowadays, several methods are investigated to remove this "initiation layer", such as mild sonication [23] and hydrodynamic conditions applied during anodization with a rotating electrode configuration [22] . The latter has the advantage of removing the "initiation layer" in the same process of anodization and, therefore, other independent processes in order to remove this layer are not needed. Moreover, the use of hydrodynamic conditions can significantly affect on the final TiO 2 nanotube geometry [22, 26, 27] . After anodization, an amorphous structure is obtained which implies the presence of a high number of defects. These defects act as recombination centers and a thermal treatment is required in order to convert the amorphous structure into a crystalline one [28] .
On the other hand, the efficiency of TiO 2 nanotubes is limited by its wide intrinsic band gap of ≈ 3.2 eV for TiO 2 in anatase phase [29, 30] . Thus, the usable fraction of the solar spectrum which can be exploited is only 5% [31] . In this way, the process of inserting impurities in the TiO 2 NTs is widely used for the purpose of modulating their electrical properties (doping), thus, the efficiency of TiO 2 NTs might be increased. Recently, several works [28, 32, 33] studied the Li + cation insertion into TiO 2 lattice and they obtained a drastic change in electronic properties, such as a highly increase in the conductivity of TiO 2 [32, 33] . However, these studies were made in static electrolyte and the influence of hydrodynamic conditions during the anodization process was not evaluated.
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Results and discussion

Current density transients during anodization
The growth of the TiO 2 nanotubes was monitored by recording the current density during anodization. Figure 1 shows that all the samples present three stages. Firstly, in stage I, current density decreases because a compact oxide layer (TiO 2 ) is formed on titanium [25, 34] . Then, in the second stage (stage II), current density increases due to the fact that fluoride ions present in the electrolyte attack the formed TiO 2 layer, which results in water-soluble [TiF 6 ] 2-species. Thus, the current density increases as the reactive area also increases [25, 35] . Finally, in the third stage (stage III), current density remains almost constant due to the formation and growth of regular nanotubes [25, 26] .
The slope corresponding to stage II is different depending on the Reynolds number. (Figures 2a and 2b ). This initiation layer blocks the nanotubes preventing part of the solar radiation from being absorbed at the photoelectrode. On the other hand, Figure 4 shows that in those areas where the initiation layer is still attached, an increase in the average diameter of the porous presented in the initiation layer is observed when hydrodynamic conditions are applied in relation to static 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   8 conditions (Figure 4a, 4b and 4c) . Therefore, the entrances of the real tubes become more accessible. Finally, Figure 4d shows a decrease of the thickness of TiO 2 nanotubes as hydrodynamic conditions increase, which might reduce the electron-hole recombination process.
Raman Confocal Laser Microscopy
Evaluation of the crystallinity of the as-prepared and annealed (doped and undoped) TiO 2 nanotubes was carried out by means of Raman Confocal Laser Microscopy. Figure 5 shows, as an example, the Raman Spectra of the as prepared, undoped and doped nanotubes anodized at Re 600, since no differences were found in the Raman Spectra regardless of the Re used during anodization.
The crystallinity of the TiO 2 nanotubes is evaluated according to the peaks presented in the Raman spectra. Anatase phase shows four peaks in the spectra at roughly 141.7, 396.2, 515.1 and 639.3 cm -1 [36] [37] [38] . In Figure 5 it can be observed that the as-prepared TiO 2 nanotubes are characterized by a spectra without peaks, which is in agreement with an amorphous phase. However, annealed (doped and undoped) TiO 2 nanotubes present four characteristics peaks, which correspond to the peaks of the anatase phase.
This confirms that annealing at 450 ºC for 1 hour, generates TiO 2 nanotubes with anatase phase. Moreover, the peaks obtained for the annealed, both undoped and doped NTs, are almost the same. Therefore, it can be concluded that there are no significant variations on the crystalline structure after Li + intercalation. cation intercalation. Figure 6 shows the Nyquist (Figure 6a) , Bode-phase (Figure 6b) and Bode-modulus (Figure 6c ) plots.
From EIS experimental data were fitted to an electrical equivalent circuit. The electrical equivalent circuit proposed is shown in Figure 6d and it is formed by a resistive 10 element (R s ), corresponding to the electrolyte resistance, and two groups of resistances and constant phase elements (R-CPE), corresponding to the nanotubular layer (R 1 -CPE 1 ) and the compact TiO 2 layer (R 2 -CPE 2 ) [15, 40] . This electrical equivalent circuit has been already used by other authors. Constant phase elements (CPEs) have been used instead of pure capacitors to account for frequency dispersion and non-ideality. Then, CPEs have been converted into pure capacitances (C) by using the following equation [41, 42] :
where Q is the impedance of the CPE and R corresponds to R 2 when eq 1 is used to calculate C 2 . However, in order to determine C 1 , R is calculated according to eq 2. Ω), since the resistance of the electrolyte remains almost constant. Besides, R 2 is higher than R 1 regardless of the hydrodynamic and doping conditions because the nanotubular layer has higher surface area than the compact TiO 2 layer, i.e., the nanotubes possess a higher conductivity. On the other hand, the CPE constant, α, lies between -1 (pure inductance) and +1 (pure capacitor) [43] . In this work the α values are between 0.5 and 1 which are in agreement with a non-ideal capacitive behavior . values increase as the Reynolds number increases (regardless the doping conditions),
indicating that the thickness of the compact TiO 2 layer decreases, which can be interpreted as a transition from a mostly compact layer to a nanotubular one [40] .
Concerning the influence of Li + insertion, it can be observed that R 1 decreases significantly when the TiO 2 nanotubes are doped. This fact can be explained by a higher number of controlled defects due to Li + intercalation and, therefore, the conductivity is favored.
Mott-Schottky analysis
The Mott-Schottky analysis is a common tool used for the characterization of the electrochemical capacitance of the semiconductor/electrolyte interface as a function of the applied potential [44] . The Mott-Scottky equation predicts a linear relationship of
with the applied potential (U), as described by the following equation for an ntype semiconductor [40, [45] [46] [47] : [45] . Figure 7 shows the Mott-Schottky plots for the undoped and doped TiO 2 nanotubes anodized from Re 0 to Re 600. The results given in Figure 7 were obtained at the frequency of 10 kHz in dark conditions, since at this high frequency value the capacitances do not depend on the frequency [50, 51] . in Figure 7 , in order to show the straight lines presented in the doped samples. Table 2 shows the donor densities determined from the positive slopes of the straight lines in the Mott-Schottky plots using eq 3. It can be observed that the donor density notably increases for the doped samples (two orders of magnitude) compared to the undoped ones. The increase in the donor density might be associated with an increase in the number of defects present in the TiO 2 nanotubes due to the Li + intercalation. Thus, these defects improve the charge transfer along the nanotubes (this is in agreement with the results obtained by means of EIS, to be applied to the semiconductor to reduce the band bending to zero. Additionally, this electrochemical parameter is related to the potential drop at the depletion space charge layer (U SC ) and the applied external potential (U) [15] , according to eq 4.
where SC U is the driving force to separate the photogenerated electron-hole pairs (charge separation). Thus, according to eq 4, in order to favor the charge separation, the flatband potential should be high and negative. Table 2 shows that flatband potential is more negative for the doped TiO 2 NTs than for the undoped ones, which indicates that the charge separation is favored by Li + intercalation. Figure 8a shows the photoelectrochemical water splitting tests carried out under simulated sunlight AM 1.5 conditions for the different samples. Regardless of the doping condition, photocurrent densities increase with Reynolds number. This is in agreement with the EIS and M-S measurements (lower R 1 values and higher N D for higher Re) and FE-SEM images. The high photocurrent densities obtained for the nanostructures anodized at higher Reynolds numbers are related to an increase in the conductivity of the NTs, due to a higher density of defects within their structure, which 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 favors the current flow [15, 52] . These high photocurrent densities obtained for samples anodized under hydrodynamic conditions are also directly related to an increase in the active area of the nanotubes exposed to the electrolyte with increasing Re. As shown in the FESEM images (Figures 2, 3 and 4) , hydrodynamic conditions during anodization resulted in longer nanotubes lengths and larger diameters of the nanoporous initiation layer, as well as in a partial removal of the nanoporous initiation layer. It is important to point out that the partial removal of the initiation layer at higher Re contributes to an increase in the photocurrent densities in the water splitting tests. This fact is observed in Figure 8b , where the photoresponse of TiO 2 NTs of the same length (~ 6.2 μm), but anodized at different Re, are compared. The only difference between both samples is that the initiation layer of the sample synthesized at Re = 600 was partially removed during the anodization process. Therefore, photocurrent densities increased with increasing Re due to the higher active area of the nanotubes in contact with the electrolyte and due to a slightly increase in the number of defects ( Table 2) . On the other hand, photocurrent densities for Li + doped nanotubes are significantly higher than the values obtained for the undoped samples, which can be ascribed to their higher number of defects and flatband potentials (in absolute value) ( Table 2) . Therefore, there is a better charge transfer and transport in the doped nanotubes.
Photocurrent measurements
Additionally, Figure 8a shows that the photocurrents under illumination increase with the applied potential. According to eq 4, the potential drop at the depletion space charge layer increases when the potential applied is higher, thus, the charge separation is favored. Moreover, the photocurrent density increases with the applied potential until a potential value of -0.3 V for the undoped TiO 2 NTs, whereas the photocurrent increases in the entire range of potential, for the doped TiO 2 NTs. This means that the undoped 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 TiO 2 NTs are saturated more easily by means of the potential applied in comparison to the doped TiO 2 NTs.
On the other hand, in order to evaluate the stability of the NTs against photocorrosion they were tested under AM 1.5 illumination at 0.55 V Ag/AgCl during 1 hour. Figure 8c shows that the formed NTs were stable since the photocurrents generated in the process of water splitting were constant during the tests.
The synergistic effect between hydrodynamic conditions and Li + intercalation was studied using the photocurrent densities. 
Conclusions
This work studied the influence of hydrodynamic conditions applied during anodization, as well as the Li + intercalation into TiO 2 lattice in order to increase the photocurrent response in the photoelectrochemical water splitting.
The FE-SEM images show that the influence of hydrodynamic conditions results in an elimination of part of the initiation layer and in an increase of the length of the NTs.
These facts involve a higher photocurrent density as Reynolds number increases.
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On the other hand, Raman Confocal Laser Microscopy revealed that TiO 2 nanotubes in anatase phase were obtained after annealing at 450ºC during 1 hour. Besides, the Li + intercalation does not lead to significant variations on the crystalline structure.
EIS measurements showed that the resistance of the undoped NTs decreases with Re.
On the other hand, concerning the Li + insertion, the resistance of the doped TiO 2 nanotubes decreases due to a higher number of defects, which was confirmed in the M-S analysis. Besides, M-S analysis showed an increase in the flatband potential (in absolute value) for the doped samples, therefore the photogenerated electron-hole pairs are favored. These results explain the higher photocurrent obtained for the doped samples in the photoelectrochemical water splitting.
The synthesized TiO 2 nanotubes were stable in the test electrolyte under illumination.
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